Age-related macular degeneration (AMD) is the leading cause of registered blindness among the elderly and affects over 30 million people worldwide. It is well established that oxidative stress, inflammation, and apoptosis play critical roles in pathogenesis of AMD. In advanced wet AMD, although, most of the severe vision loss is due to bleeding and exudation of choroidal neovascularization (CNV), and it is well known that vascular endothelial growth factor (VEGF) plays a pivotal role in the growth of the abnormal blood vessels. VEGF suppression therapy improves visual acuity in AMD patients. However, there are unresolved issues, including safety and cost. Here we show that mice lacking c-Jun N-terminal kinase 1 (JNK1) exhibit decreased inflammation, reduced CNV, lower levels of choroidal VEGF, and impaired choroidal macrophage recruitment in a murine model of wet AMD (laser-induced CNV). Interestingly, we also detected a substantial reduction in choroidal apoptosis of JNK1-deficient mice. Intravitreal injection of a pan-caspase inhibitor reduced neovascularization in the laserinduced CNV model, suggesting that apoptosis plays a role in laserinduced pathological angiogenesis. Intravitreal injection of a specific JNK inhibitor decreased choroidal VEGF expression and reduced pathological CNV. These results suggest that JNK1 plays a key role in linking oxidative stress, inflammation, macrophage recruitment apoptosis, and VEGF production in wet AMD and pharmacological JNK inhibition offers a unique and alternative avenue for prevention and treatment of AMD.
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A ge-related macular degeneration (AMD) is the leading cause of blindness among elderly patients in developed countries (1, 2) . AMD is a progressive degenerative condition with pathological changes in the retinal pigment epithelium (RPE), Bruch's membrane, and the overlying photoreceptors. Early AMD is characterized by the presence of drusen, debris accumulated underneath the retina, without vision loss. Advanced AMD is associated with vision loss and can be divided to geographic atrophy (GA), which is characterized by regional RPE loss and eventual degeneration of overlying photoreceptors, or wet AMD, which is characterized by growth of blood vessels from the choroid through Bruch's membrane toward the retina (choroidal neovascularization, or CNV). These vessels may bleed, resulting in acute loss of central vision. Vascular endothelial growth factor (VEGF) plays a pivotal role in the growth of the abnormal blood vessels in CNV in wet AMD (3) .
Although the pathogenesis of AMD is still largely unknown, inflammation, oxidative damage, and RPE senescence have been implicated in this process (4, 5) . Oxidative stress is considered by many to be the main initial determinant for various age-related retinal changes. Retinal photoreceptors containing high content of polyunsaturated fatty acids are prone to damage by oxidative stress due to the high oxygen level of the eye and sunlight exposure. The retinal photoreceptors are highly enriched with polyunsaturated fatty acid containing phospholipids and a large amount of oxidized phospholipids (oxPLs) are generated due to oxidative stress caused by stimuli such as sunlight exposure and high oxygen content. Under oxidative stress, these phospholipids can generate a variety of breakdown products to form oxPLs (6) , which can be recognized by a natural antibody, TEPC-15 (aka T15). oxPLs on oxidized low density lipoprotein (oxLDL), which can be recognized by T15, have been extensively studied as a marker for systemic inflammation in atherosclerotic lesion development, a condition that shares similarities with drusen development in AMD (7, 8) . OxPLs bind to the RPE and macrophages and strongly activate downstream inflammatory cascades (9) . oxPLs and their protein adducts can also stimulate RPE cells to express chemoattractant molecules that recruit monocytes into the subretinal space and differentiate into tissue resident macrophages. These oxidatively damaged structures will be further taken up by the macrophages, which consequently release proinflammatory mediators and initiate the inflammation cascade. The accumulation of oxidatively damaged molecules also leads to retinal apoptosis and inflammation. Apoptotic cells, if not rapidly cleared, undergo secondary necrosis and can also stimulate the innate immune system. Thus, oxidative stress and apoptosis are probably the main initial determinants for retinal inflammatory responses (4, 5) .
The Jun kinases (JNKs) belong to the mitogen-activated protein kinase (MAPK) family (10) . The JNKs, which are encoded by three separate loci, Jnk1-3, are activated in response to growth factors, proinflammatory cytokines, microbial components, and a variety of stresses, including oxidative stress (11) . The JNKs regulate key cellular processes such as cell proliferation, migration, survival, and cytokine production. Interestingly, it was shown that reactive oxygen species (ROS) cause JNK activation and cell death (12) . We also recently showed that JNK1 is a critical factor in hypoxia-induced retinal VEGF production and that it promotes hypoxia-induced pathological angiogenesis (13) . Thus, JNK1 might play a key Author contributions: M.K. and K.Z. designed research; H.D., X.S., M.G., J.L., X.Z., J.Z., J.Q., and P.X.S., performed research; H.D., M.G., H.O., P.X.S., M.K., and K.Z. contributed new reagents/analytic tools; H.D., M.G., D.H.N., P.X.S., M.K., and K.Z. analyzed data; and H.D., X.S., M.G., P.X.S., M.K., and K.Z. wrote the paper.
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Here we show that JNK1 deficiency or JNK inhibition leads to a decrease in apoptosis, VEGF expression, and reduction of CNV in a murine model of wet AMD. Our results indicate that JNK1 plays Choroids from WT mice, with no intervention (B) or subjected to laser-CNV (C and D, eyes were collected 1 or 3 d after laser treatment, respectively) were stained with a rabbit anti-phospho c-Jun antibody and examined by indirect immunofluorescence (arrows). A was a 3D laser CNV section blocked with nonspecific rabbit serum followed by the same antirabbit IgG secondary antibody as isotype control. Original magnification, 100×. a critical role in the development of CNV and point to a unique treatment strategy for AMD.
Results

Reduction of CNV and Inflammation in Jnk1
−/− Mice. To determine if JNK plays a role in the development of CNV, we first examined if JNK is activated in a mouse model of laser-induced CNV (laser-CNV), which is an extensively used animal model for wet AMD. In this model, laser is used to disrupt Bruch's membrane, which allows the underlying choroidal vessels to penetrate and grow into the space underneath the pigment epithelium. Using immunofluorescence, we found that at 1 and 3 d after laser treatment, c-Jun phosphorylation was increased in neovascular tissue ( Fig. 1 C and D, respectively). We next studied the effect of JNK1 deficiency on CNV. CNV was produced in 6-8-wk-old wild-type (WT) ( Fig. 2A) or Jnk1 −/− (Fig. 2B ) mice by laser photocoagulation. Ten days after laser treatment, mice were killed and choroidal flat mounts generated and stained with FITC-conjugated isolectin. The mean CNV area at Bruch's membrane was significantly smaller in Jnk1 −/− mice compared with that in WT controls (n = 20) (Fig. 2C , P = 0.0123). We also assessed oxidative stress and inflammation in CNV by measuring oxLDL, a well-established biomarker for oxidative stress that can be detected with antibody T15. We showed significant reduction of oxPL in CNV lesions in Jnk1 −/− mice ( Fig. 2E ) compared with that in WT controls (Fig. 2D ). The relative fluorescence intensity of oxPL staining is 31.6% in CNV of Jnk1 −/− mice in comparison with WT controls (0.3163 ±0.141 SEM vs. 1.00, P = 0.0000010798) (Fig. 2F) .
Reduction of VEGF and Proinflammatory Cytokines in Jnk1
−/− Mice.
Because VEGF production plays a central role in CNV development in the laser-CNV model and human AMD patients, we examined whether the absence of JNK1 reduces VEGF expression. Choroidal tissues were collected at 3 d after laser administration and placed in medium at 37°C for 16 h. VEGF levels measured in the supernatants by ELISA showed a significant reduction in the amount of VEGF in choroidal tissue of Jnk1 −/− mice relative to WT counterparts (Fig. 3A) . Consistent with this finding, we detected less immunolabeling of VEGF in the CNV in Jnk1 −/− mice by immunofluorescence (Fig. 3 B-G) . We also assessed other proinflammatory cytokines that are involved in the laser-CNV model, such as tumor necrosis factor (TNF) (14) or IL-6 (15). ELISA of total choroidal protein extracts from laser-CNV mice at day 3 after laser showed a significant reduction in the levels of these cytokines in choroids of Jnk1 −/− mice (Fig. S1 ). To assess whether JNK1 controls the expression of these factors transcriptionally, we isolated RNA from choroidal tissues at day 3 after laser and measured mRNA levels. Expressions of VEGF, IL-6, PDGF, and TNF mRNAs were significantly reduced in Jnk1 −/− mice (Fig. S2 ).
Reduced Macrophage Infiltration in Jnk1
−/− Mice. Inflammatory cells, in particular macrophages, have been histologically demonstrated near/within AMD lesions, including areas of Bruch membrane breakdown, RPE atrophy, and CNV. Macrophages in CNV lesions have been shown to secrete proangiogenic factors such as VEGF and proinflammatory cytokines such as TNF. Decreased macrophage influx after laser injury is associated with reduced severity of laser-CNV (16, 17) . As migration of different cell types, such as endothelial cells or neutrophils, is associated with JNK activation (18), we studied the presence of macrophages in the choroids after laser-induced injury. We noticed a marked reduction in macrophages (F4/80 positive cells) both by immunofluorescence (Fig. 4 A-F) and Q-PCR in Jnk1 −/− mice (Fig. 4G) . We extracted mRNA from both retinal and choroidal tissues from wild-type and Jnk1 −/− mice with or without laser-CNV treatment. The qPCR showed that the monocyte chemotactic protein-1 (MCP-1) level is elevated significantly in both retina and choroid after laser-CNV treatment in wild-type mice (Fig. 4H) . However, only a very moderate increase in MCP-1 mRNA was detected in both retina and choroid in Jnk1 −/− mice (Fig. 4I) .
Reduction of Apoptosis by JNK Deficiency and Pan-Caspase Inhibitor.
Although the laser-CNV model mainly mimics the late "wet" phase of AMD, the extent of laser-CNV is significantly lower in antioxidant-treated mice compared with vehicle-treated mice (19) , suggesting that this animal model could also mimic some of the pathogenic factors involved in the early "dry" phase of AMD. Oxidative stress can trigger apoptosis, which may activate and recruit macrophages and induce inflammation (4). To examine if apoptosis plays a role in laser-CNV, we tested if a pan-caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone (Z-VAD-FMK) could reduce neovascularization in this model when injected intravitreally on day 0. We found reduced CNV in mice treated with the pan-caspase inhibitor, suggesting that apoptosis may be one of the triggers of the choroidal inflammation and consequent angiogenesis (Fig. 5A) . As JNK is activated under oxidative stress and plays a key role in apoptosis (12), we examined the effect of JNK1 deficiency on apoptosis in the choroid 6, 12, and 24 h after laser injury. There was a significant reduction in the number of apoptotic cells visualized by a TUNEL assay in the choroid of Jnk1 −/− mice ( Fig. 5 B-H) .
Intravitreal Injection of a JNK Inhibitor Inhibits CNV. The results shown above suggest that JNK1 may be an excellent target for treating AMD, as its inhibition can reduce apoptosis, macrophage migration, proinflammatory cytokine, and VEGF production. To examine the effect of a JNK inhibitor on CNV, we tested whether D-JNKi (20) injected intravitreally once on day 0 could inhibit neovascularization in the laser-CNV model. Inhibition of CNV by 
Discussion
In this report, we show that JNK1 deficiency or total JNK inhibition decreases VEGF expression and reduces CNV in a murine model of wet AMD. The decrease of VEGF in JNK1-deficient mice was expected, as JNK1 regulates VEGF expression under different stimuli such as hypoxia and inflammation (13) . However, our data further suggest that JNK1 may also be involved in the initial stages of AMD. Unlike diabetic retinopathy in which the initial triggers for retinal pathogenesis are clear, direct inciting factors of AMD are still largely unknown. Aging, family history, cigarette smoking, systemic inflammation, and genetic predisposition are risk factors for AMD (5). With age, increased oxidative stress exists in retinal/RPE/choroidal tissues, which may result in a number of pathophysiological changes including the formation of oxidized lipids, protein, and DNA; advanced glycation end-products (AGEs); and degeneration of Bruch's membrane, leading to RPE and photoreceptor death. Several mouse models illustrate the capacity of oxidative damage to induce AMD-like pathology (21) . Furthermore, one of the known interventions that can reduce AMD progression is consumption of antioxidants (22) . Under normal physiological conditions, cells that undergo apoptosis due to oxidative stress are rapidly cleared by tissue resident phagocytic cells and the proinflammatory response is kept at a minimum. If, however, the apoptotic cells are not rapidly cleared, they undergo secondary necrosis and can generate proinflammatory debris. Late stage apoptotic cells (or secondary necrotic cells) also release damage-associated molecular patterns (DAMP), which can stimulate the innate immune system. Inflammation, such as microglial/macrophage activation, is then induced to trigger tissue repair and remodelling. In AMD, the balance between the stress-induced damage and inflammationrelated tissue repair and remodelling is disturbed due to either increased damage or decreased/altered repair/remodelling ability of the immune system (4, 5). Thus, a strategy for targeting apoptosis, for instance, by inhibiting JNK, in this context, might be beneficial.
Apoptosis, however, might play a dual role in the murine laser-CNV model. In this model, which mainly mimics wet AMD, several reports have demonstrated FasL + RPE cells in close proximity to and surrounding Fas + vascular endothelial cells in new vessels (23) . This indicates that RPE cells attempt to control the spread of new Fas + vessels as they penetrate Bruch's membrane and are localized beneath the retina. There is also a substantial increase in the incidence and severity of new vessel growth in Fas-deficient and FasL-defective mice, suggesting that apoptosis may control the growth and development of new subretinal vessels that can damage vision (23) . However, our data show that inhibiting apoptosis in the first several hours after laser treatment reduced neovascularization, suggesting that apoptosis may be one of the triggers of the choroidal inflammation and consequent angiogenesis in this model. That, together with a recent report that showed a reduction of CNV in antioxidanttreated mice (19) , suggests that this model may have some characteristics of dry AMD and treatments that inhibit apoptosis may also be beneficial in some dry AMD patients, in addition to inhibition of other pathways involved in dry AMD (24, 25) . Interestingly, JNK is not simply a proapoptotic protein kinase (26) . It is activated by a variety of extracellular stimuli as well as by growth factors, only some of which induce apoptosis. In addition, apoptosis can also be induced independent of caspase activation. Therefore, although we showed that the apoptosis was markedly reduced after laser treatment in JNK1-deficient mice, further experiments are needed to study the pro-or anti-apoptotic role of JNK1 in neovascular growth. The role of macrophages in CNV is also controversial, as it is debated whether macrophages serve an adaptive role to combat CNV or a causative role in inducing CNV (5) . For instance, the Ccl2 −/− and Ccr2 −/− murine models of AMD suggest a protective role for macrophages, in which clearance of deposits by macrophages was proposed (27) . This is in contrast to another report that decreased macrophage influx after laser injury to Ccl2 −/− mice is associated with reduced laser-CNV (28) . There are two subtypes of macrophages, the proinflammatory M1 macrophages and the relatively anti-inflammatory M2 macrophages, which function in scavenging and tissue remodeling (29) . Therefore, it is possible that M2 macrophages in early stages of CNV development perform the beneficial, long-term housekeeping role of scavenging deposits such as drusen. In contrast, once inflammation has been triggered, M1 macrophages are recruited and become activated. This may induce and exacerbate the inflammatory response to retinal injury by laser, therefore accelerating CNV development. In this context, inhibiting macrophage migration and activation to inflamed areas would be relevant.
Migration of different cell types has been associated with JNK1/2 activation (18). The labile adhesions required for rapid cell migration in response to a variety of stimuli were attributed to the JNK-mediated phosphorylation of paxillin (18) . As several chemokines were shown to recruit macrophages in the eye (5), a strategy for targeting the converging intrinsic mechanisms of macrophage migration might be more effective.
In summary, our work shows the importance of interplay among oxidative stress, inflammation, macrophage recruitment, apoptosis, and VEGF production in CNV, in which JNK1 serves as a critical link. And pharmacological JNK inhibition offers a unique and alternative avenue for prevention and treatment of AMD.
Materials and Methods
Mice. Jnk1 −/− mice were previously described and were crossbred in the C57BL/6 background (30). C57BL/6 mice were purchased from the Jackson Laboratories. Mice were bred and maintained under standard conditions in the University of California, San Diego animal facility, which is accredited by the American Association for Accreditation of Laboratory Animal Care. All animal protocols received prior approval by the institutional review board and were conformed to the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.
Laser-CNV. All 2-3-mo-old mice were anesthetized with Avertin and their pupils dilated with 1% tropicamide (Alcon). An Iridex OcuLight GL 532 nm laser photocoagulator (Iridex) with slit-lamp delivery system was used to create four burns, three disk diameters from the optic disk at 0300, 0600, 0900, and 1200 hours with the following parameters: 120 mW power, 75 μm spot size, and 0.1 s duration. Production of a bubble at the time of laser treatment, indicating rupture of Bruch's membrane, is an important factor in obtaining CNV; therefore, only burns in which a bubble was produced were included in this study. Twenty burns were generated when the choroids were extracted and homogenized to analyze mRNA and protein content. For pharmacological inhibition experiments, mice were given an intravitreal injection of 1 μL of D-JNKi peptide (20) (concentration of 2 mM) or 1 μL of the pan-caspase inhibitor Z-VAD-FMK (20 μM; Calbiochem) right after laser treatment. An equal volume of PBS was given by intravitreal injection in the fellow eye as a negative control.
Quantification of CNV. Ten days after laser treatment, mice were killed and choroidal flat mounts were generated. FITC-conjugated isolectin (Invitrogen) was used to perform immunolabeling of CNV. Flat mounts were examined using a Zeiss LSM 510 confocal microscope (Carl Zeiss, Inc.) and CNV quantified using ImageJ software (National Institutes of Health) to calculate the area of isolectin positive staining as areas of CNV.
Immunohistochemistry of oxPLs. The laser-CNV-treated eyes were fixed in 4% (vol/vol) paraformaldehyde, and retinas dissected and flat mounted. Immunohistochemistry was performed using the monoclonal anti oxPC mouse IgA antibody T15 (Sigma, 5 μg/mL) followed by FITC-conjugated anti-mouse IgA (Invitrogen) as a secondary antibody. Immunolabeling was examined using a Zeiss LSM 510 confocal microscope (Carl Zeiss, Inc.). Histology and TUNEL Assay. Mouse eyes were enucleated and fixed in 4% paraformaldehyde. We obtained and used 10 μm frozen sections for immunofluorescence and TUNEL analysis. For immunofluorescence labeling, frozen sections were first incubated with FITC-conjugated isolectin, and then they were blocked with 3% (wt/vol) BSA and incubated with rabbit antiphospho-S63-c-Jun (Cell Signaling Technology, Inc.), rabbit anti-VEGF (Santa Cruz), or rat anti-F4/80 (AbD Serotec) antibodies. The fluorescent-labeled secondary antibodies were followed and imaged under Zess Observer A1 microscope. The nuclei were stained with DAPI. In situ TUNEL assay was performed using DNA Fragmentation Assay Kit, (Invitrogen).
Quantitative-RT-PCR (Q-PCR
Statistical Analyses. Data are expressed as mean ± SEM (s.e.m.). The Student t test was used to assess statistical significance. All statistical analyses were performed using PRISM version 4.0b (GraphPad Software). A P value < 0.05 was considered statistically significant.
